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Iris is one of the few smooth muscle organs which can be para sympathetically denervated. We used rats because the denervation supersensi tivity in the vas deferens has extensively been studied in this species.
The rat was unilaterally ciliary-ganglionectomized.
After 1-13 days, strips of the iris sphincter muscle obtained from denervated eye were tested for the sensitivity to acetylcholine (ACh), 5-hydroxytryptamine (5-HT) and K+. A significant increase in sensitivity to ACh and 5-HT was recognized as early as 1 day after the operation, and the sensitivity reached a maximum after 5-6 days, when ED50 values of ACh and 5-HT were reduced to approximately 1/28 and 1/4, respectively.
The sensitivity to K+ was unaffected.
When the sensitivity reached the maximum, the maximum re sponses to ACh, 5-HT and K+ were increased by 50%, 140% and 50%, respectively. The shift of the dose-response curve for bethanechol (BeCh) after denervation was comparable to that for ACh. Physostigmine shifted the curve for ACh, but did not shift that for BeCh either before or after denervation.
Specific binding of 3H quinuclidinyl benzylate tended to decrease after denervation, but the change was statistically not significant.
These results indicate that the parasympathetic dener vation supersensitivity in the rat iris sphincter involves a non-specific component, in addition to one specific to ACh and BeCh. The specific component seems to involve postsynaptic mechanisms.
Denervation supersensitivity after sympa thectomy has been extensively studied in the cat nictitating membrane and rabbit aorta (see 1) , vas deferens of rats (2-4) and guinea-pigs (5) , as well as in other organs. In this supersensitivity, two components are distinguishable.
One of them results in a decrease in ED50 for certain agonists, and the other results in an increase in maximum response to various agonists. It is believed that the former is specific to the transmitter of the sectioned nerve, noradrenaline and adrenaline, and the latter is nonspecific to various agonists (6) .
The decrease in ED50 has been ascribed to a loss of transmitter-inactivating function dependent on the prejunctional nerve and/or an increase in receptor density (6) . On the other hand, the increase in maximum response has been considered to result from a possible change in events beyond the receptor activation in the postsynaptic smooth muscle cell, e.g., facilitation of Ca2+ mobilization (2, 6, 7) . The nonspecific component is seen most obviously in the rat vas deferens (2), and to a lesser extent in the guinea-pig vas deferens (5), but the spleen of cats (8, 9) and cods (10) has been reported to be devoid of the nonspecific component.
Postganglionic parasympathectomy is pos sible in a few organs since parasympathetic ganglia are commonly located within the target organs.
Moreover, neither immuno logical nor chemical parasympathectomy is possible.
Cholinergic (muscarinic) super sensitivity has thus been investigated in two glandular organs (cat salivary gland (11 ) and dog sweat gland (12) ) and in only one muscular organ, iris sphincter (pig (13) and cat (14, 15) ). These studies in the smooth muscle, however, have not answered the question of whether the supersensitivity after parasympathectomy consists of a specific and/or a nonspecific component.
In an early study, we reported that the rat vas deferens exhibited a marked nonspecific supersensitivity after sympathectomy (2) . Recently, mechanical (16) and electrical responses (17, 18) to some agonists have been investigated in isolated rat iris sphincter and dilator muscles. In the present study, characteristics of the supersensitivity caused by ciliary ganglionectomy of the rat iris sphincter were investigated using acetyl choline (ACh), bethanechol (BeCh), serotonin (5-HT) and K+ as agonists.
Materials and Methods
Eyes were excised from male rats of the Wistar strain, which weighed 400-550 g. The iris sphincter preparation was made as described in detail in a previous paper (16) . Access to the iris smooth muscle was made by extirpation of the cornea. The sphincter and dilator muscles were excised together by an incision along the ciliary margin. Preparations from the operated eye (right) and the contralateral normal eye (left) were separately mounted in organ baths (3-ml) irrigated with fresh bathing solution at 9 ml/ min. The bathing solution was a modified Krebs' solution of the following composition: 120 mM NaCI, 4.7 mM KCI, 2.2 mM CaCI_, 1.2 mM MgCl2, 25 mM NaHCO3, 1.2 mm KH2PO4 and 14 mM glucose. The solution was bubbled with 95% 02 and 5% CO2 and was kept at 35-37'C.
The pH was 7. Five animals were sham-operated without removing the ciliary ganglion. On the 5-6th day after the operation, the animals were killed, and the left (normal) and right (sham operated) iris sphincters were tested for sensitivity to agonists. Dose-response relationship: A resting tension of approximately 5 mg was applied to both normal and denervated muscles. At least 30 min of equilibration were allowed before cumulative dose-response curves were obtained. ACh and 5-HT dissolved in saline were added to the organ bath in a volume of less than 150 pl. 5-HT was applied in the presence of 0.1 ,uM atropine. When the dose response curve for potassium ion was obtained, isotonic high potassium solutions (20, 40 and 100 mM-K+), prepared by replacing NaCI with equimolar KCI, were switched from irrigating modified Krebs' solution.
All high-K solutions were in corporated with 0.1 ,uM atropine sulphate.
Measurement of cholinesterase (ChE) activity: Whole iris strips were assayed for ChE after denervation.
The technique used was that of Ellman et al. (20) . Freshly dissected tissue was homogenized in ice cold 0.32 M sucrose containing 20 mM phosphate (0.5 ml/iris). The reaction mixture contained 100 /cl of homogenate, 100 uuI of 5 mM sodium phosphate buffer (pH 8), (pH 7.5), 50 itI of 10 mM dithiobisnitro benzoate and 50 /el of 12.5 mM acetyl thiocholine. All reactions were performed at 25°C. ChE activity was calculated from the change in absorbance at 412 nm (181 Hitachi UV-VIS spectrophotometer equipped with a 056 Hitachi recorder) for 10 min in the absence of ChE inhibitor or 20 min in the presence of 0.1 ,tM physostigmine. Enzyme activity was expressed as nmoles of substrate hydrolyzed/min/mg protein. Protein deter minations were performed according to the method of Lowry et al. (21), using bovine serum albumin as the standard.
Binding of radiolabeled ligand: The method used to study the binding of 3H-quinuclidinyl benzylate (3H-QNB) was a modification of the method of Bennet (22) . Sphincters were pooled in 50 mM sodium phosphate buffer (0.3 ml/2 irides). Two or three irides were homogenized at a time. Homogenate was preincubated at 37'C for 5 min and sub sequently with radio-ligand, 3H-QNB, for 30 min. The incubation mixture contained 100 ul of tissue suspension, 25 ,al of 3H-QN B at various concentrations and 125 or 100 ail of 50 mM sodium phosphate buffer (pH 7.4), both in the absence and presence of 10 /W atropine.
The specific binding of the ligand was expressed as the difference between the radioactivities bound in the presence and absence of 10 icM atropine. After incubation at 37'C, the mixture was filtered through a Whatman GF/C glass fiber filter. The filter was washed three times with 2.5 ml of ice cold 50 mM phosphate buffer and then air dried in scintillation vials.
The radioactivity remaining on the filter was then counted in vials containing 5 ml of scintillation mixture (333 ml of Triton X-100, 667m1 of toluene, 50 g of 2,5-diphenyloxazole and 1 g of 1,4-bis-2-(5-phenyloxazolyl) benzene) in a Searle scintillation counter, model 6647. The corrections for quenching were made by a quench curve prepared by channel ratios and external standard methods.
Drugs ED50's were computed as described in the "Materials and Methods". The data shown in Fig. 1 and Fig. 6 were used. Each symbol and the vertical bar re presents the mean and S.E.M., respectively. * and ** indicate difference from the value at day 0 (P<0.05 and P<0.01 ). of the ED50 of ACh was large one day after the operation, but declined thereafter (Fig.  2) , suggesting that the time course of the decrease in ED50 varied with individual animals. As early as one day after denervation, increase in sensitivity to ACh was obvious in 3 out of 5 preparations (Each of the 3 log(ED50)'s was smaller than the mean +1.96 S.D. (P<0.0001) obtained from 31 controls). The maximum shift of the dose response curve was 27.8-fold (P<0.01), and this was attained 5-6 days after the operation.
A significant increase in the maximum response to ACh appeared 3-4 days after the operation. This approached a maximum 5-6 days after the operation (101.9+4.7 mg). Finally at the 8-14th day, the maximum response attained to 104.8+2.8 mg (149+6.7% of control, P<0.01) (Fig. 3) . No significant difference was found, however, between either the ED50s or maximum responses obtained on the 6-7th and 8-14th post operative days.
Contribution
of ChE activity to the denervation supersensitivity: Denervation supersensitivity to BeCh, which is not a substrate of ChE, was compared with that to ACh. Although the ED50 of BeCh was higher and the slope of the dose-response curve was rather steeper than that for ACh, essentially the same denervation effect was observed (Fig. 4) . Shift of the dose-response curve in this series of experiments was 1.01±0.14 logarithmic units (n=5) for ACh and 0.83+ 0.057 logarithmic units (n=5) for BeCh. These values did not differ significantly (P>0.05).
ChE activity was decreased sig nificantly after denervation (nmole/min/mg protein: 53.7+1.9 (n=5) in normal muscles and 26.9+1. 8 in muscles denervated for 7-13 days (n=5)).
At a concentration of 0.1 , M, physostig mine shifted the dose-response curve for ACh to the left by 0.96+0.042 logarithmic units (n=5) in normal sphincter muscles and 0.89+0.082 logarithmic units (n=5) in dener vated muscles (Fig. 4) . No difference was detected between these shifts (P>0.05).
In the presence of 0.1 eM physostigmine, ChE activity was 39.7+1. 4 in normal (n=5) and 24.7+2.0 nmole/min/mg protein in muscles denervated for 7-13 days (n=5).
When 1 rcM DFP was used instead of physostigmine,
shift of the dose-response curve for ACh was smaller than with physo stigmine (3-fold), but otherwise, the results were essentially the same as with physos tigmine. Neither physostigmine (Fig. 4) 
5-HT:
The noticeable change in the dose response curve for 5-HT after denervation was an increase in the maximum tension develop ment (Fig. 6) , when the maximum response to 5-HT (100.0±6. 6 mg at 5-6 days) was comparable to those with ACh (101.9±4.7 mg) (see Figs. 1 and 3) . Since the normal maximum response was much smaller (P<0.001) to 5-HT (42.1 ±2.5 mg, n=29) than to ACh (67.8±1. 4 mg, n=31 ), the magnitude of the increase in the maximum response to 5-HT was greater (statistically not tested) than to ACh. The computed ED50 of 5-HT decreased gradually from 1.5 to 0.41 iiM during 6 days beginning 1 day after the operation (Fig. 2) . The ratio of decrease in ED50 was 3.7-fold (P<0.01) and was much smaller than that obtained with ACh (27.8 fold). Beyond 7th day, no further increase in the sensitivity to 5-HT was detected.
Effect of denervation on the response to high potassium solutions: Figure 7 depicts the dose-response curve for K+ in the normal and denervated sphincter.
The responses produced by a moderate concentration of K+, 40 mM, and a high concentration, 100 mM, were much enhanced, but there was no leftward shift of the dose-response curve. The maximum tension development, induced by 100 mM-K+, reached 150.8±9.3%
(n=9, mean of % increase for each animal) of the control 7-13 days after the operation (Fig.  3) . The absolute maximum response was 101.9±4.9 mg (n=9), and it was again quite close to that produced by ACh after denervation (see Fig. 1 (1) and perhaps with the species. The development of postjunctional supersensitivity in the iris sphincter of the cat over a period comparable to that observed in the present study has been reported by Gilbert and Fleming (see 1); the sensitivity reached a maximum at 3 weeks after the removal of the ganglion. In the pig, the iris sphincter muscle showed signs of chronic parasympathetic denervation two weeks after ciliary ganglionectomy (13) . In the present studies in the rat, denervation supersensitivity appeared within 2 days, and the sensitivity reached a maximum within 6 days. Beyond 7th day, no further increase in the sensitivity was detected. Although the time course of the development of supersensitivity after parasympathetic denervation of the salivary gland was shown to be slow (11 ) , that of the sweat gland, innervated by cholinergic sympathetic nerves, was rapid (12) . The rat iris sphincter belongs to the latter type.
In the present study the response of the denervated sphincter to ACh and 5-HT was characterized by 1) a leftward shift of the dose-response curve and 2) an enhancement of the maximum tension development.
The magnitude of the shift in terms of ED50 ratio was 27.8 and 3.7-fold for ACh and 5-HT, respectively. The dose-response curve for K was not shifted by denervation. The relation ship between the time course of these two components is illustrated in Fig. 8 for ACh and 5-HT.
The shift of the dose-response curve for ACh has been reported to be 8.2-fold in the The data shown in Fig. 1 cat iris sphincter (Gilbert and Fleming, cf. 1 ), and 8.7-fold in the pig iris sphincter (13) . Bito and Dawson (14) concluded that changes in the sensitivity of cat iris sphincter were best explained by changes in the density of the receptor on the effector cell membrane. Sachs et al. (15) , however, could obtain no evidence supporting the increase in muscari nic receptor density and affinity in the cat sphincter.
In the present studies, receptor density rather tended to decrease, and the dissociation constant for QN B did not change following denervation. When the changes in the dose-response curve for ACh after denervation are compared with those for 5-HT and K+, it is reasonable to assume that the initial shift of the dose-response curve for ACh to the left is specific to the transmitter, ACh, and that the specific supersensitivity in the sphincter precedes the nonspecific component.
A significant increase in the maximum response to K appeared at the 4th postoperative day.
Westfall et al. (24) have suggested a possibility that the denervation supersensi tivity of the rat vas deferens to ACh is caused by an increase in ACh concentration at the receptor site resulting from a reduction of cholinesterase activity following the dege neration of cholinergic nerve terminals. In the rat iris sphincter, denervation and 0.1 /iM physostigmine caused comparable shifts of the dose-response curve for ACh and also comparable reductions in ChE activity. In the denervated preparation, however, the shift of the dose-response curve for ACh and reduction in ChE activity were not com parable. It was thus difficult to solve dener vation supersensitivity to components, unrelated and related to ChE. The fact that the shift of the dose-response curve for BeCh after denervation was very close to that for ACh may indicate that the major part of the shift of the dose-response curve is due to mechanisms unrelated to ChE. To postulate any mechanisms other than loss of transmitter inactivation function as a presynaptic mechanism of denervation super sensitivity is difficult. The possibility could be raised that the mechanism of specific supersensitivity in the rat iris sphincer muscle is postsynaptic in nature.
The increase in the maximum response has been considered not to be explicable by the loss of transmitter inactivation function (2) . It is therefore likely that the supersensitization to ACh by denervation in the rat iris sphincter is due mainly to postsynaptic mechanisms in the smooth muscle itself. This was further supported in the present study by the observation that the response of the sphincter to 5-HT and in particular to high-K solution was potentiated after denervation. These observations suggest that denervation supersensitivity in the rat iris sphincter involves a dominant nonspecific component. The sensitivity was increased not only to transmitter (ACh) but to another unrelated drug (5-HT). A particularly critical aspect of this nonspecificity is an increase in maximum response to ions such as potassium (cat nictitating membrane (25) ; rabbit aorta (26) ) and calcium (27) (28) (29) .
Comparable results have been obtained in studies using salivary glands (11 ) and nictitating membrane (30) , while in the rat vas deferens, the maximum response to K+ was not enhanced (2) .
It is to be noted in the present study that after the denervation, ACh, 5HT and K+ could all produce a similar contraction (about 100 mg) despite the difference in the maxi mum responses of the normal preparations to these agonists. In another series of experi ments using BeCh, physostigmine and DFP in the present study, the maximum contraction after denervation was 132.6+5.7 mg for ACh and 144.0±4.5 mg for BeCh (n=10, P>0.05), respectively. Similar results have been obtained by Chiu-Wei et al. (31) using developing rat vas deferens. These findings suggest the possibility that denervation enables these muscles to produce full con tractility in response to various agonists, resulting in a nonspecific supersensitivity.
